Despite the importance of cassava as a staple crop in Luapula province and other regions of Zambia, there is a lack of information on the resistance to diseases and associated combining ability of the locally cultivated cassava cultivars. Therefore, this study was carried out in 2010/2011 to: identify progeny with resistance to cassava mosaic disease (CMD); evaluate the performance of F 1 progeny for agronomic traits and determine general combining ability and specific combining ability for resistance to CMD. A total of 809 genotypes comprising of parents and progeny were developed through controlled crossing and evaluated using α-lattice design. The general combining ability (GCA) and SCA mean squares (MS) were highly significant (P<0.001) for CMD. The total sum of squares (SS) for CMD was mainly accounted for by specific combining ability (SCA) effects (67.9%). Bangweulu a local highly susceptible cultivar had the most negative, significant (P<0.001) GCA effect among the landraces. In summary, the results indicated that the local landraces (Bangweulu and Kampolombo) used as parents can be sources of CMD resistance.
Introduction
Pests and diseases are among the most important biotic constraints to cassava production. Cassava mosaic disease (CMD) is a devastating disease in Africa and yield losses may be as high as 100% (Thresh et al., 1994) . In Zambia yield losses to CMD of between 50 to 70% have been recorded in farmers' fields (Muimba-Kankolongo et al., 1997) . The disease is transmitted by the whitefly vector (Bemisia tabaci Gennadius) from plant to plant within the field (Calvert and Thresh, 2002) and also spread from one field to another through infected cuttings (Legg et al., 2011) . Yield reduction due to CMD varies from agroecological zone to zone and so do the management strategies. The strategies, which are not mutually exclusive, include: phytosanitation, cultural methods (cultivar mixtures) (Thresh and Cooter, 2005) , vector management through use of insecticides (Calvert and Thresh, 2002) and resistance breeding (Jennings and Iglesias, 2002) . For longer term cost-effective management, breeding for resistance is essential. In view of yield reduction caused by CMD, plant breeding has the potential of creating new progenies to sustainably manage the disease.
To produce new genetic combinations and generate genetic information, mating designs have been used in breeding cassava, among them the diallel (designs I, II, and III) and factorial or North Carolina (designs I, II, and III). The information generated from these designs is used to determine the general combining ability (GCA) and specific combining ability (SCA) of the parents. In this study, the NCII mating design was used to generate progeny from crosses involving a set of male and female parents. The NCII mating design has been used in several crop species, for example, maize (Eberhart and Gardner, 1966) , sugarcane (Hogarth et al., 1981) , pearl millet (Angarawai et al., 2008) , and wheat (Virk et al., 1985) , Kamau et al. (2010) have also used the design to study the inheritance of yield ability and secondary traits in cassava.
Generation of genetic information involves managing a large number of genotypes, particularly the progeny of crosses. Therefore, selection (of plant type and reaction to certain diseases) during the seedling trial and clonal evaluation trial was previously done visually without data recording (Ceballos et al., 2004) . In addition, no replication was made during early selection. In this study, to overcome some of the shortcomings of previous strategies, crosses were separated into four replications and each cross randomly allocated to the four replications. The study was conducted to: i) identify parents and progeny with resistance to CMD ii) evaluate the performance of F 1 progeny for agronomic traits and iii) determine general combing and specific combing ability for resistance to CMD.
Results

Performance of the F 1 crosses
The CMD scores ranged from 1.09 (Bangweulu x TMS3001) to 1.55 (Chikula x TMS190), respectively. Mean fresh root yield ranged from 0.51 (Bangweulu x Mweru) to 0.74 kg plant -1 (Bangweulu x TME2). The majority of the clones had developed storage roots, however, clones in some crosses had none. Mean harvest index ranged from a low of 0.51 (Chikula x TMS190 and Chila x Nalumino) to a high of 0.59 (Kampolombo x Nalumino). Plant height across the families varied from 69.32 (Bangweulu x TMS190) to 85.94 cm (Chila x Nalumino). The lowest mean fresh biomass of 0.90 kg plant -1 was recorded in crosses Chikula x TME2 and Chikula x Nalumino and the highest of 1.26 kg plant -1 in Bangweulu x Mweru. Mean leaf retention ranged from 2.03 (Chila x Mweru) to 2.39 (Bangweulu x TME2). The lowest mean root number of 4.46 was recorded in family Bangweulu x Nalumino and the highest of 6.22 in Bangweulu x TME2. Root size ranged from 3.15 (Chikula x TMS190) to 3.73 (Kampolombo x TMS190).
Combining ability mean squares for cassava mosaic disease and agronomic traits
The CMD general combining ability (GCA) and specific combining ability mean squares (MS) were highly significant (P<0.001) ( Table 1 ). The GCA SS for male parents accounted for less of the CMD crosses sums of squares (SS) at 12.5% than the GCA SS for female parents at 19.6%. The SCA SS accounted for 67.9% of the CMD crosses SS. The GCA MS for the fresh root yield for the female parents were highly significant (P<0.001), while the GCA MS for male parents and the SCA MS were not. The GCA effects for harvest index for the female parents were significant (P<0.05). The SCA MS were highly significant for plant height (P<0.001) and non-significant for fresh root yield, harvest index, total biomass and root size. The GCA SS % (male and female) was higher than the SCA SS % for fresh root yield (70.2%), total biomass (69.7%) and root size (60.3%). The GCA:SCA ratio for fresh root yield (2.36), total biomass (2.30) and root size (1.52) was higher than one. For cassava mosaic disease, harvest index (0.63) and plant height (0.45), GCA:SCA ratio was lower than one.
General combining ability effects
In the female parents, Bangweulu had the most significant (P<0.001) negative GCA effect for CMD (Table 2) . Kampolombo also had a significant (P<0.01) negative GCA effect. Positive significant GCA effects were recorded in Chikula (P<0.001) and Chila (P<0.01). In the male parents, significant (P<0.01) negative GCA effects were recorded for TME2 and Nalumino. TMS190 had a significant (P<0.001) positive GCA effect. The GCA effect for fresh root yield for Bangweulu was positive and significant (P<0.01) while Chikula had a significant (P<0.001) negative GCA effect. For plant height, Nalumino had a significant (P<0.01) positive GCA effect (Table 3) . Chikula had a significant (P<0.01) GCA effect for harvest index (Table 4) . Kampolombo also had a significant (P<0.01) positive GCA effect for root size while Chikula had a significant (P<0.01) negative effect.
Specific combining ability effects
Eleven crosses had significant SCA effects for CMD, five of which had negative effects, namely: Bangweulu x TMS190 (P<0.001), Bangweulu x TMS3001 (P<0.001), Chikula x Mweru (P<0.001), Chila x Nalumino (P<0.001) and Kampolombo x Nalumino (P<0.01), and the other six had significant positive effects, namely: Chikula x TMS190 (P<0.01), Kampolombo x TMS190 (P<0.01), Chila x TMS 3001 (P<0.001), Bangweulu x Mweru (P<0.001), Bangweulu x Nalumino (P<0.001) and Chikula x Nalumino (P<0.01) ( Table 5) . Bangweulu x TME2 had significant (P<0.01) positive effects for plant height (Table 6 ). Significant negative effects were recorded in Bangweulu x TMS190 (P<0.001), Mweru x Chila (P<0.01) and Chikula x TME2 (P<0.01).
Phenotypic correlations between traits
Most of the traits were significantly correlated with one another (Table 7) . However, there was no significant correlation between CMD and fresh root yield, harvest index, total biomass, leaf retention, root number and root size. Similarly no correlation was observed between leaf retention and fresh root yield. A significant (P<0.001) and high positive correlation was recorded between total biomass and fresh root yield. Significant (P<0.001) positive correlations were recorded between: harvest index and fresh root yield. Positive and significant (P<0.001) correlation were also recorded between plant height and fresh root yield. Root number and fresh root yield; harvest index and total biomass; leaf retention and root number were also positive and significantly (P<0.001) correlated. Positive and significant correlation was also recorded between plant height and total biomass, leaf retention, root number and root size. Total biomass was also significantly (P<0.001) positively correlated with root number and root size. Leaf retention was also significantly (P<0.001) positively correlated with root size.
Trait contribution to genotype performance
Most of the total variation (74.5%) was accounted for by the first three principal components (PCs) ( Table 8 ). The PC1 accounted for 41.4% of the total variation with an eigenvalue of 2.49. The traits that contributed the most to the PC1 were harvest index, biomass, fresh root yield and root size. The PC2 accounted for 17.7% of the total variation with harvest index, plant height and leaf retention being the major contributors. The PC3 accounted for 15.4% of the total variation with harvest index, leaf retention and root size as the main contributors.
Estimates of heterosis
The best five crosses with desired negative CMD heterosis (relative to mid-parent value) were Bangweulu x TMS3001 (-113.9%), Chikula x TMS3001 (-113.9%), Chikula x Nalumino (-107.9%), Bangweulu x Nalumino (-107.8%), Chikula x TMS190 (-104.6%) ( Table 9 ). All these crosses involved a resistant and susceptible parent. The best five crosses with positive heterosis for plant height were Kampolombo x TMS190 (2589.5%), Kampolombo x TMS3001 (2547.5%), Kampolombo x Mweru (1782.0%), Bangweulu x TME2 (1691.5%), and Kampolombo x TME2 (1518.5%). For total biomass the best five crosses with positive heterosis were Chikula x Nalumino (21.9%), Kampolombo x TMS3001 (18.4%), Kampolombo x TME2 (16.8%), Bangweulu x TME2 (15.4%) and Kampolombo x TMS190 (11.4%). For fresh root yield most of the crosses had positive heterosis and the best five were Bangweulu x TME2 (24.2%), Bangweulu x TMS3001 (20.9%), Kampolombo x Nalumino (19.1%), Kampolombo x TMS3001 (17.1%) and Bangweulu x Mweru (16.6%). Harvest index also recorded positive heterosis in most of the crosses. The best five crosses with positive heterosis for harvest index were Bangweulu x TME2 (11.5%), Kampolombo x Nalumino (10.4%), Chikula x Nalumino (9.2%), Bangweulu x TMS3001 (8.4%), and Cikula x TME2 (8.3%). CMD (Cassava mosaic disease); FRY (fresh root yield, kg plant -1 ); HI (harvest index); PH (plant height, cm); TB (total biomass, kg plant -1 ); LR (leaf retention); RN (root number); RS (root size); GCA (general combining ability); SCA (specific combining ability); SS (sums of squares); *,**,*** Significant at P<0.5, P< 0.01 and P < 0.001 probability, respectively. 
Discussion
Progeny with increased resistance to CMD were produced from crosses between the selected parents. For the individual clones, the full range of CMD scores from 1 to 5 with a mean of 1.31 was recorded in the 800 F 1 progeny. Significant differences between the F 1 progenies and parents were observed for CMD resistance. Low mean CMD scores were recorded in crosses of Bangweulu x TMS3001, Bangweulu x TMS190 and Chila x Nalumino indicating high tolerance to CMD. The overall cross mean, for fresh root yield was 0.64 kg plant -1 (6.4 t ha -1 ) at 7 MAP. This apparently low yield may be explained by the early harvesting at 7 MAP. The mean yield is comparable to that recorded by Munga (2008) , Mtunda (2010) and Kamua (2010) . It has been documented (Ngeve, 1999 ) that cassava undergoes root bulking from 4 MAP and during the initial stages root growth is slow (Hahn et al., 1979 . This is indicative of the progress being made in developing high yielding, early bulking cassava genotypes. Cassava cultivars currently cultivated in Zambia are usually harvested 2 to 3 years after planting. Understandably, early bulking is one of the traits desired by farmers. The PCA helped to explain the relative contribution of the various traits to genotype performance and as expected fresh root yield made the greatest contribution.
Genetic information was generated at the clonal evaluation stage in order to estimate general combining abilities or breeding values of the parental lines for the traits of interest (Ceballos et al., 2004) . The GCA and SCA MS were highly significant implying that additive and non-additive gene effects were both important. For CMD, 67.9% of the variation was explained by SCA indicating that non-additive gene action predominated over additive gene action for this trait. Kamua (2010) also reported higher SCA effects for CMD. However, Lokko et al. (2006) reported the reverse. The significant GCA and SCA MS recorded for the traits of interest indicate sufficient genetic variance in the population to enable effective selection for the traits (Ragsdale and Smith, 2007) . However, the breeding strategy adopted will depend on the prevalent gene action. The significance of parents' MS for CMD was indicative of the diversity of the parents suggesting that both landraces and introductions could be sources of resistance to CMD. Significant negative SCA effects were recorded for five crosses for CMD, namely: Bangweulu x TMS190, Bangweulu x TMS3001, Chikula x Mweru, Chila x Nalumino and Kampolombo x Nalumino. A cross with significant and negative SCA signifies that the cross is more resistant than mean performance of the rest of the crosses based on the expectation of additive effects. A cross with positive SCA means that the cross was more susceptible than the mean performance based on the expectation of additive effects. For most of the crosses negative mid-parent heterosis was observed for CMD emphasizing the progress made in breeding for resistance.
The GCA SS comprised 70.2% of the crosses SS indicated the strong influence of additive gene action in the expression of fresh root yield. The GCA and SCA MS for plant height were also significant meaning that both additive and nonadditive gene action was important in the determination of this trait. However, since the SCA SS comprised 68.9% of crosses SS, non-additive gene action predominated over additive gene action for this trait. Bangweulu had a significant positive GCA effect for fresh root yield implying that this landrace which was used as a female parent made an above average contribution to increased fresh root yield in all of its crosses. TMS190 also a significant positive GCA effect for total biomass and therefore made an above average contribution to increased biomass accumulation in all of its crosses. Similarly for Kampolombo, which made a significant above average positive contribution to root size in all of its crosses. Bangweulu had the most significant negative GCA effect for CMD which is an indication of its important contribution to CMD resistance. Kampolombo also had a significant negative GCA effect for CMD. The significant negative GCA effects for CMD exhibited by these two parents implicates with the role of additive gene action in determining improved resistance to CMD in the crosses involving these two parents. These parents were consequently considered to be good general combiners for improved resistance to CMD. Chikula, TMS190 and Chila exhibited significant positive effects for CMD suggesting that the three parents determined increased susceptibility of their progeny relative to the mean performance of all progeny. The GCA MS for fresh root yield was significant; however, the SCA MS was not. This implies that additive gene action was predominant over non-additive gene action for this trait. Bangweulu x TME2 had significant positive SCA effects for plant height meaning that non-additive gene action was important for the trait. Bangweulu recorded a significant negative GCA effect for CMD and a high positive GCA effect for fresh root yield suggesting that it would be a valuable parent for high yield in association with high CMD resistance, Based on its significant positive GCA effect for total biomass, TMS190 may be categorised as a good general combiner for this trait. In the same vein, Nalumino was a good general combiner for plant height. By way of contrast, Chikula had significant large negative GCA effects for biomass and root size which indicated that it was a poor general combiner for these two traits.
Despite grafting the F 1 cassava progenies with CMD infected scions, it is interesting to note that CMD score was not significantly correlated with any of the other traits. This is probably due to low virus titre as the clones were virus free when planted and harvested early (7 MAP). The nonsignificant correlation suggests the need for caution in the selection of progeny for improved resistance to CMD in association with improved performance in the other traits. Zacarias (2008) also recorded non-significant correlations between CBSD and yield. Fresh root yield was positively correlated (P<0.001) with harvest index, root size, root number, leaf retention and biomass. The significant and high positive correlation between fresh root yield and harvest index has been reported by other workers (Cach et al., 2006; Kawano, 2003; Kawano et al., 1998) . The relevance of significant correlations between harvest index and other traits is that harvest index can be used as a selection criterion.
Materials and methods
Site description
The study was carried out during the 2010/11 rainy season at Mansa research station, Luapula Province, Zambia. The research station is located in agroecological zone III and receives more than 1000 mm of rainfall per annum.
Trial layout and management
Cuttings were taken from the middle part of each selected plant in the seedling trial to establish the clonal evaluation trial. The cuttings were planted on 10 December 2010 in a 4 x 5 α-lattice design with four replications. The genotypes from each cross were separated into groups. Each of the 20 F 1 crosses comprising 40 progeny was divided equally across the four replications. Each sibling within a cross was represented by a single plant in a plot. Planting was done at a standard 1 x 1 m inter and intra-row spacing providing a plant population of 10 000 plants ha -1 . The replications were separated by 2 m wide alleys. Planting was done on ridges (farm practice of planting cassava in Luapula Province). Weeding of the trial was done as necessary and no fertiliser was applied.
Virus inoculation technique
Although Mansa has high CMD prevalence, the whitefly population is too low to ensure efficient and rapid virus transmission. To breed for CMD resistance, it is important to consider the infection method and ensure an even distribution of the viruses. Therefore, grafting was employed to transmit the viruses to the test plants in addition to planting the diseased spreaders in all the four replications. Grafting was done at 3 months after planting (MAP) by cutting the scions of the test plants in a tapered fashion and the rootstocks of the infected plants in a wedge. The scion and the rootstock were then held firmly together by wrapping a strip of plastic around the graft union.
Data collection
Plants were scored for CMD at 5,6, and 7 MAP using a scale of 1-5 (Hahn et al., 1980) where: 1, no symptoms observed; 2, mild chlorotic pattern over entire leaflets or mild distortion at the base of leaflets only, with the remainder of the leaflets appearing green and healthy; 3, moderate mosaic pattern throughout the leaf, narrowing and distortion of the lower one-third of leaflets; 4, severe mosaic, distortion of two thirds of the leaflets and general reduction of leaf size; 5, severe mosaic distortion of the entire leaf. Plants were harvested by hand at 7 MAP for yield and yield components. The number and fresh mass (kg) of all the storage roots (fresh root yield) per plant were counted and recorded. Root size was categorized into three classes: small, below 3cm root diameter at widest point; medium, 5-7cm root diameter at widest point; and large, 7cm or wider root diameter at widest point. Harvest index was determined as a percentage of fresh root mass relative to total fresh biomass. Leaf retention was assessed on a 1-5 scale , where: 1, very poor retention; 2, less than average retention; 3, average leaf retention; 4, better than average retention; and 5, outstanding leaf retention.
Data analysis
The residual maximum likelihood procedure (REML) in Genstat version 14 statistical package was used to analyse the data. The relative contributions of the various traits was carried out based on Jollife's (2002) approach using principal component analysis (PCA) procedure in Genstat. Mid-parent heterosis (relative to mid-parent value) was determined for all the variables. The performance of the genotypes within each of the crosses was expressed on a cross mean basis for the various traits. The general combining ability (GCA), effects and specific combining ability (SCA) effects (genetic components) were estimated from the expected mean squares. The mean squares of GCA and SCA were used to determine GCA:SCA ratios (Haussmann et al., 1999) . The parental cultivars and progeny were regarded as fixed effects while the replications were considered as random effects. Therefore, inferences drawn from this study cannot be generalised and extended to other populations. The GCA and SCA effects were estimated using the following model (Hallauer and Miranda, 1988) : Y ijk = μ + Fg i +Mg j + FMs ij + R k + ε ijk ; Y ijk is the observed value for the cross between the ith and jth parents in the kth replication; μ is the population mean; Fg i is the GCA value of the ith female parent; Mg j is the GCA value of the jth male parent; FMs ij is the SCA value for the cross between the ith and jth parent; R k is the replication effect; ε ijk is the error associated with each observation.
Conclusion
In conclusion, having produced progenies with resistance to CMD, there is a need to conduct extensive GXE evaluation of the stability of the resistance in association with expression of the important agronomic traits. The adoption of appropriate strategies to exploit the additive and non-additive gene action determining CMD resistance and the other traits is now possible. The prospects for substantial improvements in the productivity of cassava cultivars grown in Zambia are very real and exciting indeed.
